Nature of the quantum critical point as disclosed by extraordinary behavior of 
magnetotransport and the Lorentz number in the heavy- fermion metal YbRh 2 Si2 
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Physicists are engaged in vigorous debate on the nature of the quantum critical points (QCP) 
governing the low-temperature properties of heavy-fermion (HF) metals. Recent experimental obser- 
vations of the much-studied compound YbRli2Si2 in the regime of vanishing temperature incisively 
probe the nature of its magnetic-field-tuned QCP. The jumps revealed both in the residual resis- 
tivity po and the Hall resistivity Rh, along with violation of the Wiedemann- Franz law, provide 
vital clues to the origin of such non-Fermi-liquid behavior. The empirical facts point unambiguously 
to association of the observed QCP with a fermion-condensation phase transition. Based on this 
insight, the resistivities po and Rh are predicted to show jumps at the crossing of the QCP produced 
by application of a magnetic field, with attendant violation of the Wiedemann-Franz law. It is fur- 
ther demonstrated that experimentally identifiable multiple energy scales are related to the scaling 
behavior of the effective mass of the quasiparticles responsible for the low-temperature properties 
of such HF metals. 

PACS numbers: 71.10.Hf, 71.27. +a, 71.10.Ay 



A quantum critical point (QCP) dictates the non- 
Fermi liquid (NFL) low-temperature properties of 
strongly correlated Fermi systems, notably heavy fermion 
(HF) metals, high-temperature superconductors, and 
quasi-two-dimensional 3 He. Their NFL behavior is 
so radical that the traditional Landau quasiparticle 
paradigm is at a loss to describe it. The underlying na- 
ture of the QCP has continued to defy theoretical un- 
derstanding. Attempts have been made using concepts 
such as the Kondo lattice and involving quantum and 
thermal fluctuations at the QCPflHB]]. Alas, when de- 
signed to describe one property deemed central, these 
approaches fail to explain others, even the simplest ones 
such as the Kadowaki- Woods relation 0, Q. This re- 
lation, which emerges naturally when quasiparticles of 
effective mass M* play the main role, can hardly be 
explained within the framework of a theory that pre- 
supposes the absence of quasiparticles at the QCP (for 
recent reviews see 0-E1)- Arguments that quasiparti- 
cles in strongly correlated Fermi liquids "get heavy and 
die" at the QCP commonly employ the assumption that 
the quasiparticle weight factor Z vanishes at t he p oint 
of an associated second-order phase transition [lfj [ill ] . 



However, this scenario is problematic [12, [li|. Numer- 
ous experimental facts have been discussed in terms of 
such a framework, but how it can explain the physics of 
HF metals quantitatively is left as an open question 0. 
A theory of fermion condensation (FC) that preserves 
quasiparticles while being intimately related to the un- experimental conditions in YbRIi2Si2, the Hall coefficient 



limited grow th of M* has been proposed and developed 
0M 3, HI ■ Extensive studies have shown that this the- 
ory delivers an adequate theoretical explanation of the 
great majority of experimental results in different HF 
metals. In contrast to the Landau paradigm based on 
the assumption that M* is a constant, within FC theory 
M* depends strongly on both temperature T and im- 
posed magnetic field B. Accordingly, an extended quasi- 
particle paradigm is introduced. The essential point is 
that - as before - well-defined quasiparticles determine 
the thermodynamic and transport properties of strongly 
correlated Fermi systems, while the dependence of the 
effective mass M* on T and B gives rise to the observed 
NFL behavior 0-0] ■ The most fruitful strategy for ex- 
ploring and revealing the nature of the QCP is to focus 
on those properties that exhibit the most spectacular de- 
partures from Landau Fermi Liquid (LFL) behavior in 
the zero-temperature limit. In particular, incisive exper- 
imental measurements recently performed on the heavy- 
fermion metal YbRli2Si2 have probed the nature of its 
magnctic-ficld-tuncd QCP. It is found that at vanishingly 
low temperatures the residual resistivity po experiences a 
jump across the magnetic QCP, with a crossover regime 
proportional to T |16l4l9l | . Jumps of the magnetoresistiv- 
ity, the Hall coefficient, and the Lorenz number at zero 
temperature are in conflict with the common behavior 
of Kondo systems, for which the width of the change re- 
mains finite at zero temperature 



Til 2fj| . Under the same 
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Rh is also found to experience a jump 17J , while the data 
collected on heat and charge transport at the QCP can be 
interpreted as indicating a violation of the Wiedemann- 
Franz law [19 ], The Wiedemann- Franz law defines the 
value of the Lorentz number L = n/Ta at T — > 0, i.e., 
L = Lq with Lq = (irks) 2 /3e 2 , where K, a, ks, and e are 
respectively the thermal conductivity, the electrical con- 
ductivity, Boltzmann's constant, and the charge of the 
electron. 

In this Letter we study magnetotransport and violation 
of the Wiedemann- Franz law in YbRli2Si2 across a QCP 
tuned by application of a magnetic field. Close similar- 
ity between the behavior of the Hall coefficient Rh and 
magnetoresistivity p at QCP indicates that all manifesta- 
tions of magnetotransport stem from the same underlying 
physics. We show that the violation of the Wiedemann- 
Franz law together with the jumps of the Hall coefficient 
and magnetoresistivity in the zero-temperature limit pro- 
vide unambiguous evidence for interpreting the QCP in 
terms of a fermion condensation quantum phase transi- 
tion (FCQPT) forming a flat band in YbRh 2 Si 2 . 

We begin with an analysis of the scaling behavior of 
the effective mass M* and T — B phase diagram of a 
homogeneous HF liquid, thereby avoiding complications 
associated with the crystalline anisotropy of solids 0- 
Near the FCQPT, the temperature and magnetic field 
dependence of the effective mass M* (T, B) is governed 



by the Landau equation [21 
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where F a n (pf> p) is the Landau interaction, pp is the 
Fermi momentum, and a is the spin label. To simplify 
matters, we ignore the spin dependence of the effective 
mass, noting that M*(T, B) is nearly independent of spin 
in weak fields. The quasiparticle distribution function n 
can be expressed as 



n a (p,T) = \ 1 + exp 



(e(p,T)- M(T ) 



T 



(2) 



where e(p, T) is the single-particle (sp) spectrum. In 
the case being considered, the sp spectrum depends on 
spin only weakly. However, the chemical potential \i a de- 
pends non-trivially on spin due to the Zeeman splitting, 
\x± = fj, ± B^b, where ± corresponds to states with the 
spin "up" or "down." Numerical and analytical solutions 
of this equation show that the dependence M* (T, B) of 
the effective mass gives rise to three different regimes 
with increasing temperature. In the theory of fermion 
condensation, if the system is located near the FCQPT 
on its ordered side, then the fermion condensate (FC) 
represents a group of sp states with dispersion given by 



e(p, ri) — fx = Tin 



1 - n(p) 
n(p) 



(3) 



where [i is the chemical potential and n(p) is the quasi- 
particle occupation number, which loses its temperature 
dependence at sufficiently low T. On the ordered side 
the sp spectrum of the HF liquid contains a flat portion 
embracing the Fermi surface; on the other hand, on the 
disordered side, at fixed, finite B and low temperatures 
we have a LFL regime with M*(T) ~ M* + aT 2 , where a 
is a positive constant 0. Thus the effective mass grows 
as a function of T, reaching its maximum M M at some 
temperature Tm and subsequently diminishing according 
to 23] 



M*(T) oc T 
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Moreover, the closer the control parameter B is to its crit- 
ical value B c q = 0, the higher the growth rate. In this 
case, the peak value of M^j also grows, but the temper- 
ature Tm at which M* reaches its peak value decreases, 
so that M M (T M ,B -)• B c0 ) -> oo. At T > T M , the last 
traces of LFL disappear. When the system is in the vicin- 
ity of the FCQPT, the approximate interpolativc solution 
of Eq. (TTJ) reads 



M* . „ ,„ x 1 + ciT 2 , 
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Here, — T/Tm is the normalized temperature, with 
Co = (1 + Cfc)/(1 + Ci) in terms of fitting parameters C\ 
and C2- Since the magnetic field enters Eq. ([2J in the 
form pbB/T, we conclude that 



T/T M oc 



PbB 1 



(6) 



where /is is the Bohr magneton. It follows from Eq. © 
that 

T M ~ clxUbB. (7) 

Equation ([5|) reveals the scaling behavior of the normal- 
ized effective mass M^(Tjv): values of the effective mass 
M*(T, B) at different magnetic fields B merge into a sin- 
gle mass value in terms of the normalized variable 
T N = T /Tm 0. The inset in Fig. ED demonstrates the 
scaling behavior of the normalized effective mass 
versus the normalized temperature Tjv- The LFL phase 
prevails at T <C Tm, followed by the T -2 / 3 regime at 
F > Tm- The latter phase is designated as NFL due 
to the strong dependence of the effective mass on tem- 
perature. The temperature region T ~ Tm encompasses 
the transition between the LFL regime with almost con- 
stant effective mass and the NFL behavior described by 
Eq. ([J|. Thus T ~ Tm identifies the transition region fea- 
turing a crossover between LFL and NFL regimes. The 
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inflection point Xj n f of versus Tjv is depicted by an 
arrow in the inset of Fig. [TJ 

The transition (crossover) temperature Tm(B) is not 
actually the temperature of a phase transition. Its spec- 
ification is necessarily ambiguous, depending as it does 
on the criteria invoked for determination of the crossover 
point. As usual, the temperature T*(B) is extracted 
from the field dependence of charge transport, for ex- 
ample from the resistivity p{T) given by 



P (T) = p a + AT a «, 



(8) 



where po is the residual resistivity and A is a T- 
independent coefficient. The term po is ordinarily at- 
tributed to impurity scattering. The LFL state is char- 
acterized by the T aR dependence of the resistivity with 
index ctR = 2. The crossover (through the transition 
regime shown as the hatched area in both Fig. Q] and its 
inset) takes place at temperatures where the resistance 
starts to deviate from LFL behavior, with the exponent 
an shifting from 2 into the range 1 < < 2. The 
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FIG. 1: (color online). Schematic T — B phase diagram of 
HF liquid with magnetic field as the control parameter. The 
vertical and horizontal arrows show LFL-NFL and NFL-LFL 
transitions at fixed B and T, respectively. At B — the sys- 
tem is in its NFL state having a flat band and demonstrates 
NFL behavior down to T — > 0. The hatched area separates 
the NFL phase and the weakly polarized LFL phase and repre- 
sents the transition area. The dashed line in the hatched area 
represents the function Tm(B) given by Eq. ((7}. The func- 
tions W(B) oc T and T* (B) oc T shown by two-headed arrows 
define the width of the NFL state and the transition area, re- 
spectively. The QCP located at the origin and indicated by 
an arrow denotes the critical point at which the effective mass 
M* diverges and both W(B) and T*(B) tend to zero. The 
inset shows a schematic plot of the normalized effective mass 
versus the normalized temperature. The transition regime, 
where reaches its maximum value at Tjv = T/Tm = 1, 
is shown as the hatched area in both the main panel and the 
inset. Arrows indicate the transition region and the inflection 
point T in f in the plot. 



schematic phase diagram of a HF metal is depicted in 
Fig. [T] with the magnetic field B serving as the con- 
trol parameter. At B = 0, the HF liquid acquires a flat 
band corresponding to a strongly degenerate state. The 
NFL regime reigns at elevated temperatures and fixed 
magnetic field. With increasing B, the system is driven 
from the NFL region to the LFL domain. As shown in 
Fig. [TJ the system moves from the NFL regime to the 
LFL regime along a horizontal arrow, and from the LFL 
to NFL along a vertical arrow. The magnetic-field-tuned 
QCP is indicated by an arrow and located at the origin of 
the phase diagram, since application of a magnetic field 
destroys the flat band and shifts the system into the LFL 
state pHI . The hatched area denoting the transition re- 
gion separates the NFL state from the weakly polarized 
LFL state and contains the dashed line tracing Tm{B). 
Referring to Eq. (J7J, this line is defined by the function 
T = aip B B, and the width W{B) of the NFL state is 
seen to be proportional T . In the same way, it can be 
shown that the width T*(B) of the transition region is 
also proportional to T. 

In this letter we focus on the HF metal YbRli2Si2, 
whose empirical T — B phase diagram is reproduced in 
panels a and b of Fig. [2] Panel a is similar to the main 
panel of Fig.[TJ but with the distinction that this HF com- 
pound possesses a finite critical magnetic field B c q =/= 
that shifts the QCP from the origin. To avert realiza- 
tion of a strongly degenerate ground state induced by 
the flat band, the FC must be completely eliminated at 
T — > 0. In a natural scenario, this occurs by means of 
an antifcrromagnctic (AF) phase transition with an or- 
dering temperature Tn = 70 mK, while application of a 
magnetic field B = B c o destroys the AF state at T = 
24j. In other words, the field B c q places the HF metal 



at the magnetic-field-tuned QCP and nullifies the Neel 
temperature Tn(B c q) = of the corresponding AF phase 
transition @,[2^]. Imposition of a magnetic field B > B c o 
drives the system to the LFL state. Thus, in the case of 
YbRli2Si2, the QCP is shifted from the origin to B = B c q. 
In FC theory, the quantity B c q is a parameter determined 
by the properties of the specific heavy-fermion metal. In 
some cases, notably the HF metal CeRu2Si2, B c q does 
vanish!!!, whereas in YbRh 2 Si 2 , B cQ ~ 0.06 T, B±c 



24] 



Panel b of Fig.[5]portrays the experimental T—B phase 
diagram in a manner showing the evolution of the expo- 
nent a R (T,B) [HHll]. At the critical field B c0 ~ 0.66 
T (B||c), the NFL behavior extends down to the low- 
est temperatures, while YbRli2Si2 transits from the NFL 
to LFL behavior under increase of the applied magnetic 
field. Vertical and the horizontal arrows indicate, respec- 
tively, the transition from the LFL to the NFL state and 
its reversal. The functions W{B) oc T and T*(B) oc T as- 
sociated with bi-directed arrows define the width of the 
NFL state and transition region, respectively. It note- 
worthy that the schematic phase diagram displayed in 
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particles takes the form 
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M*(T) ~ 
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where r\ = 8p/pF is determined by the characteristic size 
Sp of the momentum interval L occupied by the FC (30| . 
With the result ^ the width 7 of FC quasiparticles is 
calculated in closed form, 7 ~ jo + rjT, where 70 is a con- 



stant [301 ] 
particles 



This result leads to the lifetime r„ of quasi- 



ai + a 2 T, 



(10) 



FIG. 2: (color online). Panel a represents a schematic phase 
diagram of the HF metal YbRh2Si2, with Tn(B) denoting 
the Neel temperature as a function of magnetic field B. The 
QCP, identified by an arrow, is now shifted to B = B c q. At 
B < B c o the system is in its antiferromagnetic (AF) state, 
denoted by AF. As in Fig. [T] the vertical and horizontal ar- 
rows show the transitions between the LFL and NFL states, 
the functions W(B) oc T and T*(B) oc T indicated with bi- 
directional arrows define the width of the NFL state and of 
the transition region, respectively, and the dashed line in the 
hatched area represents the function Tm(B) given by Eq. Q. 
The exponent an determines the temperature-dependent part 
of the resistivity (cf. Eq. ([HI), with an taking values 2 and 
1, respectively, in LFL and NFL states. In the transition 
regime the exponent evolves between LFL and NFL values. 
Panel b shows the experimental T — B phase diagram [l9l. [27j] . 
The evolution of or is depicted by color (coded in the vertical 
stripe on the right-hand side of the panel). The NFL behavior 
reaches to the lowest temperatures right at the QCP tuned by 
the magnetic field. The transition regime between the NFL 
state and the field-induced LFL state broadens with rising 
magnetic fields B > B c o and T ~ T*(B). As in panel a, tran- 
sitions from LFL to NFL state and from NFL to LFL state 
are indicated by the corresponding arrows, as are W(B) oc T 
and T*(B) oc T. 



panel a of Fig. [2] is in close qualitative agreement with 
its experimental counterpart in panel b. 

To calculate the low-temperature dependence of p on 
the imposed magnetic field B in the normal state of 
YbRli2Si2, we employ a model of a HF liquid possessing 
a flat band with dispersion given by Eq. ([3]). Since the 
resistivity at T — > is our primary concern, we concen- 
trate on a special contribution to the residual resistivity 
po which we call the critical residual resistivity pg. Analy- 
sis begins with the case B = 0, for which the resistivity of 
the HF liquid at low temperatures is a linear function of 
T @, HH ■ This observation is in accord with experimental 
facts derived from measurements on YbRh 2 Si 2 indicating 
the presence of a flat band in YbRh 2 Si 2 0, Q El El] ■ 
In that case, the effective mass M*(T) of the FC quasi- 



where h is Planck's constant, a\ and a 2 are parame- 
ters. Equation (|10[) is in excellent agreement with ex- 
perimental observations |3l| . In general the electronic 



liquid in HF metals is represented by several bands occu- 
pied by quasiparticles that simultaneously intersect the 
Fermi surface, and FC quasiparticles never cover the en- 
tire Fermi surface. Thus there exist LFL quasiparticles 
with the effective mass M£ independent of T and FC 
quasiparticles with M* given by Eq. at the Fermi 
surface, and all of them possess the same width 7. Upon 
appealing to the standard equation 



Ne 2 



(11) 



for the conductivity a (see e.g. [21() and taking into ac- 
count the formulas specifying M* and 7, we find that 
a ~ Ne 2 /(pfv) 2 j where N is the number density of elec- 
trons. With this result, we arrive at a critical residual 
resistivity p§ that is independent of T: 



Po 



PF& 



(12) 



Careful derivation and examination of Eqs. (jlll) and (fT2)) 
is provided in [3(J . The term "residual resistivity" is or- 
dinarily attributed to impurity scattering. In the present 
case, Eq. (fl~2j) shows that p§ is determined by the pres- 
ence of a flat band and has no relation to the scattering 
quasiparticles by impurities. 

We next demonstrate that the application of a mag- 
netic field to the HF liquid generates the observed step- 
like drop in the residual resistivity po- Indeed, Fig. Q] 
informs us that at fixed temperature, application of the 
field B drives the system from the NFL state to the LFL 
state, the flat portion of e(p) determined by Eq. ([3]) be- 
ing destroyed at T < Tm pi- Thereupon the factor rj 
vanishes, nullifying and strongly reducing po. Since 
both W(B) and T*(B) widths are proportional T, im- 
position of the magnetic field causes a step-like drop in 
the residual resistivity po- Consequently two values of 
the residual resistivity must be introduced, namely Pq FL 
corresponding to the NFL state and Pq FL corresponding 



5 



to the LFL state induced upon application of the mag- 
netic held B. It follows from these considerations that 
pNFL > Pq FL . This conclusion agrees with the experi- 



mental findings mum 
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FIG. 3: (color online). Experimental results [la] for the lon- 
gitudinal magnetoresistivity p(T, B) of YbRli2Si2 versus B 
at various temperatures T. The maxima of the curves for 
T = 0.03 and 0.07 K correspond to boundary points of the 
AF ordered state shown in Fig. [2] b. The solid lines marked 
with K represent the schematic behavior of the residual re- 
sistivity po as a function of B. The arrows pointing to the 
horizontal solid lines identify the residual resistivities po FL 
and Pq FL in YbRti2Si2. The jump of po occurs at the QCP 
identified by an arrow. 

Fig. [2] shows the T — B phase diagram of YbRh2Si2, 
which maps faithfully onto the schematic phase diagram 
depicted in Fig. [TJ except for the appearance of an AF 
phase at low temperatures. As seen from Fig. [2j at 
T > Xjv and B = the system in its NFL state, while the 
LFL phase prevails at low temperature for magnetic fields 
beyond the critical value B c q. The respective residual 
resistivities are measured at Pq FL — 0.55 pflcm (NFL) 
and ~ 0.5^r2cm (LFL) As T is lowered through 

Tjv at B = the system enters the AF state via a 
second-order phase transition. Accordingly, we expect 
that the residual resistivity does not change, remaining 
the same as that of the NFL state, Pq FL - On the other 
hand, under imposition of an increasing _B-ficld, the sys- 
tem moves from the NFL state to the LFL state with 
the above value of Pq FL At this point it should be ac- 
knowledged that application of a weak magnetic field is 
known to produce a positive classical contribution oc B 2 
to po arising from orbital motion of carriers induced by 
the Lorentz force. When considering spin-orbit coupling 
in disordered electron systems where electron motion is 
diffusive, the magnetoresistivity may have both positive 



(weak localization) and negative (weak anti-localization) 
signs [3^. However, as studied experimentally, YbRh 2 Si2 
is one of the purest heavy-fermion metals. Hence the ap- 
plicable regime of electron motion is ballistic rather than 
diffusive, both weak and anti-weak localization scenarios 
are irrelevant, and one expects the independent correc- 
tion to po to be positive. We therefore conclude that 
the positive difference = Pq FL — Po FL comes from 
the contribution related to the flat band. As seen from 
Fig. [3l when the system transits from the NFL state to 
the LFL state at fixed T and under application of ele- 
vated magnetic fields B, the step- like drop in its resis- 
tivity p(T, B) becomes more pronounced (see the exper- 
imental curves for T = 0.3,0.2,0.1 K). This behavior is 
a simple consequence of the fact that the width of the 
crossover regime is proportional to T. On zooming into 
the vicinity of QCP shown in Fig. [3] (corresponding for 
example to the experimental curves for T = 0.07 and 
0.03 K), it may be seen that the crossover width remains 
proportional to temperature, ultimately shrinking to zero 
and leading to the abrupt jump in the residual resistivity 
at T = when the system crosses the QCP at B = B c q. 
In the same way, application of a magnetic field B to 
CcCoIn 5 causes a step-like drop in its residual resistiv- 
ity, as is in fact found experimentally [33| . Based on this 
reasoning, we expect that the higher the quality of both 
CeCoIns and YbRli2Si2 single crystals, the greater is the 
ratio Po FL / Po FL , since the contribution coming from the 
impurities diminishes and Pq FL approaches pg. It is also 
expected from Eq. ([T2|) that the observed difference 
in the residual resistivities will not show a marked de- 
pendence on the imperfection of the single crystal unless 
the impurities destroy the flat band. Finally, we point 
out that the jump of the magnetoresistivity at zero tem- 
perature contradicts the usual behavior of Kondo sys- 
tems, with the width of the transition remaining finite 
at T — > 17, |2fj|. Moreover, the Kondo systems has 
nothing to do with the dissymmetrical tunnelling con- 
ductance as a function of the applied voltage V that was 
predicted to emerge in such HF metals with the flat band 
as CeCoIn 5 and YbRh 2 Si2 0, 0, 35 1. Indeed, experi- 
mental observations have revealed that the conductance 
is the dissymmetrical function of V in both CeCoIns [36| 
and YbRh 2 Si 2 @. 

The emergence of a flat band entails a change of the 
Hall coefficient Rh = ^xyz/^xx [S3, El]. In homogeneous 
one has a xx = cr/3, while cr xyz is recast 



matter at B 
to 
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(13) 



where n(z) is the quasiparticle distribution function. Far 
from the QCP, these formulas lead to the standard re- 
sult Rh = 1/Ne, whereas in the vicinity of the QCP, one 
finds R H = K/Ne with K ~ 1.5 j38|. We see then that 
the effective volume of the Fermi sphere shrinks consid- 
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crably at the QCP. Importantly, in the LFL state where 
the effective mass stays finite, the value K = 1 holds even 
quite close to the QCP. As we have learned, the width 
W(B) tends to zero at the QCP, implying that the critical 
behavior of K at T — > emerges abruptly, producing a 
jump in the Hall coefficient, while the height of the jump 
remains finite. It is instructive to consider the physics of 
this jump of Rr in the case of YbRh 2 Si2- At T = 0, the 
critical magnetic field B c0 destroying the AF phase is de- 
termined by the condition that the ground-state energy 
of the AF phase be equal to the ground-state energy of 
the HF liquid in the LFL paramagnetic state. Hence, at 
B — s- B c q the Neel temperature T/v tends to zero. In the 
measurements of the Hall coefficient Rjj as a function of 
B performed in YbRh 2 Si2 12, 18, 13, a jump is detected 
in Rh as T — > when the applied magnetic field reaches 
its critical value B = B c q and then becomes infinitesi- 
mally higher at B = B c q + SB. At T = 0, application of 
the critical magnetic field B c q, which suppresses the AF 
phase whose Fermi momentum is pf, restores the LFL 
phase with a Fermi momentum pj > pp. This occurs 
because the quasiparticle distribution function becomes 
multiply connected and the number of mobile electrons 
does not change Q. The AF state can then be viewed 
as having a "small" Fermi surface characterized by the 
Fermi momentum pp. whereas the LFL paramagnetic 
ground state at B > B c q has a "large" Fermi surface 
with pf > pp. As a result, the Hall coefficient experi- 
ences a sharp jump because Rr{B) oc 1/pp in the AF 
phase and Rh{B) oc 1/p^ in the paramagnetic phase. 
Assumin g th at Rh{B) is a measure of the Fermi mo- 
mentum [37l [391 ] (as is the case with a simply connected 
Fermi volume), we obtain fA lioj 

R H {B = B c0 -5) 



1 



t Pf~PF 



(14) 



R H {B = B c0 + 5) pp 

These observations are in excellent agreement with the 
experimental facts collected on YbRii2Si2 171 Il8|. 

Violation of the Wiedemann-Franz law at the QCP 
in HF metals was predicted and estimated a few years 
ago [3, |4l[ and recently observed [l!|. Predictions of 
LFL theory fail in the vicinity of a QCP where the effec- 
tive mass M* diverges, since the sp spectrum possesses a 
flat band at that point. In a once-standard scenario for 



such a QCP [10|, [ll|, the divergence of the effective mass 



is attributed to vanishing of the quasiparticle weight Z. 
However, as already indicated, this scenario is flawed 12 1. 
We therefore employ a different scenario for the QCP, in 
which the departure of the Lorenz number L from the 
Wiedemann-Franz value is associated with a rearrange- 
ment of sp degrees of freedom leading to a flat band. 
Within the quasiparticle paradigm, the relation between 
the Seebeck thermodynamic coefficient S and the con- 
ductivities a and k has the form [421, k3| 



(t(T)T 



S 2 (T) 



1 h(T) 
e 2 Io(T)' 



Here 



with 



S(T) 



1 *1 CO 

elo(T) 



h{T) = 



Jffl'ffl 



T(e ' T) a^) du ' 



(16) 



(17) 



where r is the collision time, dv is the volume element 
of momentum space, and n(p) is given by Eq. ([2]) with 
e = e—fx. Overwhelming contributions to the integrals Ik 
come from a narrow vicinity |e| ~ T of the Fermi surface. 
In case of LFL, the Seebeck coefficient S(T) vanishes lin- 
early with T at T — > 0. Then, the group velocity can be 
factored out from the integrals (fl~7j) . The same is true for 
the collision time r, which at T — > depends merely on 
impurity scattering, and one obtains Ii(T = 0) = and 
h(T -> 0)/J o (T 0) = tt 2 /3. Inserting these results 
into Eq. (fl"5j). we do find that the Wiedemann-Franz law 
holds, even if several bands cross the Fermi surface simul- 
taneously 42|. On the other hand, taking into account 
the fact that the reduction of the ratio L/Lq occurs in 
the NFL state at the QCP 4l| , we conclude that that the 
violation of the Wiedemann-Franz law takes place in the 
narrow segment of the T — B phase diagram displayed in 
Fig. [2] having width W — > at T — > 0. In other words, 
at T — > the ratio L/Lq becomes abruptly L/Lq ~ 0.9 
at B/B c q = 1, while L/Lq = 1 at B/B c q ^ 1 when the 
system is in its AF or LFL state shown in Fig.O This ob- 
servation is in a good a gre ement with experimental facts 
collected on YbRh 2 Si 2 U^. We conclude that at T -> 0, 
the WF law holds in the LFL state at which the Fermi 
distribution function given by Eq. ([2]) is reduced to the 
step function. The violation at B = B c q and at T — >• 
seen in YbRli2Si2 thus suggests that a sharp Fermi sur- 
face does exist at B/B c q ^ 1 but does not exist only at 
B/B C Q = 1 where the flat band emerges. 

Among other features, Fig. [4] includes results (solid 
lines) for the characteristic temperatures T- m f(B) and 
Tm(B), which represent the positions of the kinks sep- 
arating the energy scales identified experimentally in 
Refs. [H [13, 0]. The boundary between the NFL and 
LFL phases is indicated by a dashed line, while AF la- 
bels the antiferromagnetic phase; again the correspond- 



(15) 



ing data are taken from Refs. [16|, [17J, |44|. It is seen 
that our calculations are in accord with the experimental 
facts. In particular, we conclude that the energy scales 
and the widths W and T* are reproduced by Eqs. ([5|) 
and ((7|) and related to the special points Ti„f and Tm as- 
sociated with the normalized effective mass M^, which 
are marked with arrows in the inset and main panel of 

Fig. m 0,0. 

In summary, we have shown that imposition of a mag- 
netic field on YbRh 2 Si2 leads to the emergence of the 
quantum critical point at which a strong suppression of 



7 




B(T) 



FIG. 4: (color online). Temperature versus magnetic field 
T~B phase diagram for YbRli2Si2. Solid circles represent the 
boundary between AF and NFL states and the QCP shown 
by the arrow. Solid squares refer to the boundary between 
NFL and LFL regimes [l6|, Q3| represented by the dashed 
line, which is approximated by (B — _B c o) 1/ ' 2 @|. Diamonds 
mark the maxima Tm of the specific heat C/T [44|], which 
are approximated by Tm oc bi(B — B c o), with b\ a fitting 
parameter [tJ . Triangles close to the solid line refer to the 
inflection points Tl n f in the longitudinal magnetoresistivity 
0;G3|> while the solid line tracks the function T\ n t oc 62 (-B — 
Bco), with &2 a fitting parameter. 



the residual resistivity po is accompanied both by a jump 
of the Hall resistivity and a violation of the Wiedemann- 
Franz law. The close similarity between the behaviors of 
the Hall coefficient Rh , magnetoresistivity p, and Lorenz 
number L at the QCP indicates that all transport mea- 
sures reflect the same underlying physics, which unam- 
biguously entails an interpretation of the QCP as arising 
from a fermion condensation quantum phase transition 
leading to the formation of a flat band. 
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